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Introduction
Rice is one of the most consumed crops worldwide, with an annual production of 700 million tons according to the Food and Agriculture Organization of the United Nations [1] database resulting in a generation of 3.4 million tons of rice straw in Europe.
Inefficient management of this waste can result in large waste dumps which can cause health problems and environmental damage. Open field burning is vastly used to eliminate these residues nowadays (30%) while the rest is left in the fields with the consequent associated environmental problems that both procedures can generate.
Thermo-chemical conversions of rice straw have been proposed as an alternative to these management strategies taking profit of its capacity for energy production, with high heating values around 15MJ/Kg as stated by Lim et al [2] .. Among the different available techniques, Spouted Bed Reactors (SBR) has emerged as an adequate technology to carry out these processes [3] . Rice straw will constitute the main feedstock of a thermochemical process carried out in a SBR, obtained by replacing the perforated plate of a standard fluidised reactor with a simple orifice, normally in a central position. As a result, the solid circulation is enhanced and stagnant zones are avoided improving the mass and heat transfer phenomena. This behaviour provides the system with important advantages as fuel flexibility with the possibility of handling particles of different sizes and morphologies and low operating temperature conditions. The initial difficulties encountered by conventional fluidisation when applied to agricultural residues can thus be overcome.
However, as a consequence of the main properties of the feedstock like its high ash content and the low conversion efficiency, an exhaustive control of the process in terms of thermal conversions will be crucial to obtain higher efficiencies.
Thermal studies including decomposition profiles, reaction kinetics and thermal behaviour of the raw material will be crucial to optimise the performance of the SBR.
Thermogravimetric Analysis (TGA) is a widely used technique to assess the thermal stability and decomposition kinetics of biomass. Few works have studied the thermal properties of rice straw by means of thermal analysis [4] . From the kinetic analysis, valuable parameters related to the thermo-chemical process can be obtained such as the activation energy (Ea) and the pre-exponential factor (A), both highly dependent on the temperature of reaction. Furthermore, the composition of the raw material can also be provided by thermal studies as reported in [5] as a result of the quantification of the different processes of mass loss observed during the heating process.
The main aim addressed in the present work is to characterise and compare the thermochemical conversions of rice straw by means of thermogravimetric analysis. The kinetic methodology based on the combination of the iso-conversional methods Friedman, Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose, Vyazovkin and the use of Master Plots assessed by Perez-Maqueda criterion permitted to describe mathematically both thermochemical reactions. The results will define the further use of rice straw as feedstock in energy recovery processes. The thermal parameters will be used for the adequate design of pyrolysis and combustion processes in a spouted bed reactor where the thermal recovery reactions will be carried out.
Materials and methods

Materials and sample preparation
Rice straw was collected from the region of Valencia (Spain). The samples were washed, dried and sized.
The composition of the rice straw was obtained according standard procedures (UNE-EN   14774-3:2009, UNE-EN 15148 and UNE-EN 14775 ) to obtain the distribution of products when biomass is heated under specified conditions (proximate analysis) and the composition of the biomass in base of its constituting elements (ultimate analysis). The results are reported in Table 1 . (1) Where C, H, S, O, N and A are the content (%w/w) of carbon, hydrogen, sulphur, oxygen, nitrogen and ash in the samples. The calculated HHV was 11.6 MJ/kg indicating the suitability of the rice straw for thermo-chemical conversion processes.
Thermogravimetric analyses
Multi-rate non-isothermal thermogravimetric experiments (TGA) were carried out in a Mettler Toledo TGA/SDTA 851 (Columbus, OH). Samples weighing about 6 mg were heated in an alumina holder with capacity for 70µl. Experiments were performed from 25ºC to 800ºC at different heating rates (β=2, 5, 10, 15, 20ºC/min) under a constant flow of 50 ml/min of gas of analysis.
All samples were analysed under inert (Ar) and oxidative (O2) atmospheres to characterise the thermal and thermo-oxidative processes respectively. Experiments were repeated three times and the average values were considered as representative values.
Assessment was performed with the aid of the software Star e 9.10 from Mettler Toledo.
Results and discussion
Thermal and thermo-oxidative decomposition profiles
The thermal performance of the rice straw was initially addressed. The thermogravimetric curves (TG) and their first derivative curves (DTG) were obtained for each sample at all heating rates β and compared between them. The material started to decompose at T≈25ºC in all cases as a result of the evaporation of moisture and absorbed water due to the hygroscopic nature of the rice straw. This peak was identified as the drying stage and it occurred below 125°C in all cases. The process was found to follow the same trend for all the samples.
Stage 2. Devolatilisation
Stage 2 is considered to be the step in which most of the devolatilisation reactions take place and therefore, its study will be addressed in great detail. Its complete definition in terms of temperature of degradation and kinetics of decomposition will be the basis for the correct design of the spouted bed reactor to obtain the highest yields. The majority of the initial mass was consumed during this second degradation process at the range T ≈
200°C-400°C.
Two different behaviors were observed depending on the applied conditions: a single peak was obtained under oxidative conditions whereas two overlapped peaks, a shoulder together with the main peak, were observed for the case of inert atmosphere.
The presence of this shoulder indicated that more than one reaction was being involved with a higher mechanism complexity. In both cases, the molecular origin of this step is the same and it is related to the emissions of volatiles and low molecular weight compounds mainly associated to the decomposition of hemicellulose and cellulose and, in smaller amounts, lignin.
Stage 3. Combustion
The last stage (T>400°C) is mainly assigned to the rapid thermo-oxidation of the remaining combustible components which are more resistant to the thermo-degradation as lignin, whose decomposition occurs in a slow velocity and a wide range of temperatures resulting in high char yields that also burn in this stage. The presence of two peaks indicates a more complex mechanism of reaction. Its higher resistance to thermal decomposition compared to hemicellulose and cellulose is due its complex structure and it is favored in the presence of oxygen. However, due to the difficulty to properly separate these two peaks and, for the purpose of this work, they will be mathematically treated as a single process.
The value of the final residue reached values over 20% for the case of samples under inert
atmosphere whereas values around 5% were found at oxidative conditions. The whole decomposition scheme is in agreement with previous works on lignocellulosic materials [7] . Figure 2 shows the dependence of the thermal process with the factors of study (heating rate and atmosphere of work) with selected previous curves. In addition, the use of an oxidative atmosphere fastened the decomposition of the material, shifting the TG curves to lower temperatures in comparison with the results obtained under inert conditions. This fact indicates a higher stability of these materials under non-reactive atmosphere due to a decrease on the reactivity in the system, as it occurred for different types of biomass in previous works [4, 9] .
The presence of shoulders/double peaks in the decomposition profiles shown in Figure 1 indicates that more than one reaction is being involved at the same time. With the aim of individually characterise and quantify each decomposition process, a deconvolution procedure was applied to all samples. The deconvoluted curves and their fitting on the original data are represented in Figure 3 for inert (a) and oxidative (b)
conditions. All the characteristic peak temperatures (Tpi with i = 1…4 representing the different pseudo-components of the straw: moisture, hemicellulose, cellulose and lignin) for all heating rates and atmospheres are gathered in Table 2 together with the associated errors of the averaged value respect to each repetition. The choice of the adequate temperature of work for the reactor will define the characteristics of the final product of the reaction and its correct assessment will be necessary for achieving the optimized working conditions. Table 3 gathers the values of mass loss associated to each of the previously calculated Tpi corresponding to the different degradation processes for all heating rates and atmospheres and the obtained errors of the averaged value respect to each repetition. Table 3 . Mass loss (mi, with i = 1 -4: consecutive decomposition processes) due to the decomposition process of the rice straw at all heating rates under inert and oxidative conditions of work and associated error values. 
As stated before, the major mass loss occurs in the range of T ≈ 200°C-400°C, mainly corresponding to hemicellulose and cellulose decompositions. The two peaks corresponding to both compounds are well defined in the case of reactions of pyrolysis and their deconvolution provided the individual mass loss for decompositions each process labelled ∆m2 for hemicellulose and ∆m3 for cellulose. However, an only peak was obtained for an oxidative atmosphere. The deconvolution could not provide the two individual curves and therefore the calculated mass loss was taken as the total of both hemicellulose and cellulose decompositions processes (∆m2+∆m3).
From the results in Table 3 , in order to achieve the highest yields on volatile compounds, a temperature of work of T=600°C and high heating rates were initially set as the most adequate operational parameters for pyrolysis, obtaining the highest quantity of gas (∆m2+∆m3+∆m4≈70%) together with the lowest residue (around 25%), where ∆mi= 2,3,4 is the loss mass of the hemicellulose cellulose and lignin respectively.
Similarly, a T=550°C and low heating rates were defined as the most appropriate operational parameters for the case of combustion, obtaining the highest yields in produced gas (∆m2+∆m3+∆m4≈85%) and the lowest values of residue (around 10%).
In summary, the definition of the operational conditions will be determinant for the characteristics of the final product. Lower temperatures of work will be necessary to carry out combustion reactions, yielding higher percentages of volatile compounds and lower quantities of final residue respect to pyrolysis reactions.
These parameters are the initial design values of the spouted bed reactor that will carry out the thermo-chemical conversions. However, a deep insight on the process with the aid of the modelled solution validated with experimental results will be necessary to achieve the optimised solution. The values corresponding to the remaining residue are highly influenced by the atmosphere of work, with higher values for inert conditions as a result of a less reactive atmosphere. In the thermo-oxidation of rice straw, this parameter has special interest to design the spouted bed reactor as high percentages of residue could lead to slagging and fouling problems due to the high content of silica in the rice straw.
An exhaustive control of the oxygen content in the carrier gas will be required as well as an accurate control of the maximum temperature of work in order to ensure a good performance of the spouted bed reactor.
Thermal behavior of rice straw
With the aim to evaluate the thermal behaviour of the rice straw and to predict the decomposition temperatures (Td) of all the processes undergone by the samples when submitted to thermo-chemical reactions, an accurate methodology by Badia et al [10, 11] was applied. Figure 4 shows the evolution of the previously calculated Tpi at all heating rates under inert (a) and reactive (b) ambient and their associated error values in form of error bars.
As shown in the figure, the trend was almost linear at high heating rate β, but it slightly bended when β approached lower values. For design purposes, it would be interesting to functionalise the thermal behaviour of rice straw under any β. In this sense, Td(β) was obtained as:
with a, b and c being the fitting parameters [10, 11] As it was shown before, higher heating rates led to higher characteristic temperatures. In order to avoid this influence of linear heating procedures in the evaluation of the characteristic temperatures, the so called Zero-Decomposition Temperature (ZDT) was calculated as the value obtained when the heating rate tends to zero (Td( → β 0)). The dependence of the thermal behaviour of the straw with the atmosphere of work is also evidenced from the evolution of the previously calculated ZDT for all the pseudocomponents of the straw (moisture-ZDTp1, hemicellulose-ZDTp2, cellulose-ZDTp3, lignin-ZDTp4), which followed the same trend as described in Section 3.1.
The values corresponding to the drying process (ZDTp1) were very similar under both atmospheres of work, confirming the independence of the process with the used carrier gas.
The rest of the calculated ZDT (ZDTp2, ZDTp3, ZDTp4) presented lower values when O2 was used as the reaction gas respect to those in inert ambient, confirming therefore the higher reactivity of the system when an oxidative atmosphere is applied. In terms of design of the reactor, ZDTp2 will provide the minimum temperature of work required inside the reactor to start the devolatilisation stage.
For the case of rice straw, a minimum of T=273°C (inert conditions) and T=264°C
(oxidative conditions) will be necessary to start yielding volatile compounds. These values represent the minimum operational temperature needed to start the thermochemical processes and therefore, the minimum initial energy requirements of the system.
Decomposition kinetics
Apparent activation energies
The kinetics of decomposition is essential parameters in the correct design of a device for thermal conversion processes. They will define the apparent activation energy (Ea) to be applied to the system to start the thermal process and will also provide information on the reaction times to complete the thermo-chemical conversions.
The isoconversional methods Friedman [12] , Flynn-Wall-Ozawa (FWO) [13] , Ozawa [14] , Kissinger-Akahira-Sunose (KAS) [15] and Vyazovkin (VYZ) [16] were applied to evaluate the dependence of the apparent activation energy (Ea) with the conversion degree α defined as ) /( ) ( The temperature range for all the kinetic studies was taken from T~150°C as, at temperatures below this value, only moisture and absorbed water was removed and its kinetics did not exhibit differences with the change of heating rates. All the kinetic analysis were carried out in the range α=0.2-0.8, where the main process takes place. The average values were obtained (Eaiso) from the iso-conversional methods.
The regression coefficient at the range of study for the main degradation process of the straw at inert conditions was above 90% whereas the values obtained for experiments under O2 were not below 95%.
All the calculated values of apparent activation energy and associated errors are presented in Table 5 .
As stated before, the two main peaks corresponding to the decompositions of hemicellulose (Process 1) and cellulose (Process 2) were individually calculated for inert conditions whereas a single peak represented both processes during combustion reactions. A higher value of apparent activation energy (Eaiso) was obtained for oxidative conditions. This fact has been previously reported [17] and it is attributed to the increase of oxidant reactions as a result of an increase of O2 in the carrier gas. However, this assumption should be fully subscribed by evaluating the quantity of CO2 emitted during the thermochemical processes as, due to the increase on oxidant reactions, the concentration of CO2
should also increase.
As reported in Table 5 , the apparent activation energy values obtained by Friedman method presented the highest associated error. This might be caused by the differential nature of the method that leads to noisy data after the required numerical differentiation.
On the contrary, VYZ method provided the least error values thanks to the application of the Senum-Yang approximation (5 th order) which yields most accurate results.
These values are also in agreement with previous works dealing with apparent activation energy for different agricultural residues [18, 19] where the obtained results fell within the range 140-180 kJ/mole in all cases.
From a technological point of view, the apparent activation energy provides the barrier of energy that the system needs to surpass in order to start the thermo-chemical reaction and it defines a value related to the energy requirements of the spouted bed reactor.
Finally, for the complete design of the reactor, the complete kinetic expression will be obtained.
Evaluation of the pre-exponential factor and the order of reaction. Completing the kinetic triplet
The kinetic model was evaluated and defined from the kinetic analysis of the rice straw and the Master Plot reduced curves (MP) [20] . MP are defined as the theoretical reference curves dependent on the kinetic model and, generally, independent of the kinetic parameters of the process. The comparison between the experimental values and these theoretical curves permits the calculation of the appropriate kinetic model according to the better fitting of the experimental data on the master plots.
The three main types of MP are those based on the differential form (MPf) of the general kinetic equation as expressed in (3), the integral form (MPg) as in (4) or the combination of both:
The theoretical curves coincide at α=0.5 and so, this point is taken as a reference and all the curves are reduced to it for a better visualisation. The theoretical master plots of the different kinetic models can be clearly distinguished for α<0.5 and α>0.5 for the differential and integral curves, respectively, and therefore a straightforward identification can be done. According to Figure 5 , the model describing the thermal degradation following a reaction order mechanism (Fm). According to this model, the reaction rate is proportional to the fraction remaining of reactant(s) raised to a particular power (reaction order) [21] .
The exact order of reaction was analytically obtained by accomplishing Perez-Maqueda criterion [22] ; that is, the independence of the kinetic parameters Ea and A with the heating rate β. This criterion is usually employed with Ea and A invariable with the aid of the Coats-Redfern equation [23] written in the form: By setting the values of Eaiso as the average value of those previously calculated (Table   5 ) and after applying a regression method (with the aid of the tool SOLVER), the values of n and ln A were obtained. As a summary, the kinetic triplet associated to the main thermal decomposition process of rice straw for thermal and thermo-oxidative reactions is reported in Table 6 . Table 6 . Kinetic triplet for the main decomposition processes of rice straw for thermal and thermooxidative reactions Finally, the following expressions were proposed to define the decomposition of the devolatilisation stage for the rice straw both for inert (Eq. 6 and 7) and oxidative conditions (Eq. In summary, lower activation energies were required to carry out reactions of pyrolysis due to the absence of complex oxidant reactions. For the same reason, a lower order of reaction was found during pyrolysis together with lower values of the pre-exponential factor as a result of a lower reactivity of the system. These data, together with the peak temperatures calculated in Section 3.2 and the specific fluid dynamic parameters of the spouted bed reactor, will be introduced in a commercial process simulation tool in order to simulate the described processes carried out in a spouted bed reactor and evaluate the optimised operational conditions.
Conclusions
An accurate methodology evaluated and compared the initial design parameters of a spouted bed reactor to carry out energy valorisation processes using rice straw as feedstock.
Lower temperatures of work were necessary to carry out combustion reactions, yielding higher percentages of volatiles and lower values of residue respect to pyrolysis reactions.
A correct assessment of this parameter will be essential to avoid melting and slagging problems in the reactor and its associated operational problems. A suitable kinetic triplet (Ea, A, n) and mechanism of reaction was found for the main devolatilisation process for thermal and thermo-oxidative conditions. Lower activation energies, order of reaction and pre-exponential factor values were required to carry out reactions of pyrolysis due to the absence of complex oxidant reactions.
These parameters, together with the specific fluid dynamics of the system, will be applied as input variables in a theoretical model to describe thermal recovery processes in a spouted bed reactor using rice straw as feedstock. Efforts will be focused then on the optimization of the working conditions with the aid of the developed model to obtain the highest efficiencies ensuring a good performance of the reactor.
